Abstract-A full-wave analysis is applied to the scheme of measuring electromagnetic (EM) properties of materials over the frequency range of 0.3-4 GHz using a flanged open-ended coaxial probe. The excitation of complex waves, which include surface waves, radiative waves and radial guided waves in layered material media, is considered. With an accurate theory, this scheme may be used to measure both complex permittivity and permeability of the material simultaneously.
I. INTRODUCTION HE use of a flanged open-ended coaxial probe for non-
T destructive measurement of materials has been widely studied [1]- [16] . Previous studies employed either the assumption of only TEM mode on the aperture, a quasi-static approximation or an infinite dielectric media. Recently the effect of the higher-order modes on the probe aperture was considered, and the probe was used to measure EM properties of thin moisture layers [17] .
In this paper, a flanged open-ended coaxial probe placed against a layered material medium as shown in Fig. 1 is studied using a full-wave analysis. An integral equation for the unknown aperture electric field is derived, and the method of moments is applied to solve the electric field integral equation. After the aperture electric field is accurately determined, other quantities of interest such as the input impedance of the probe and the EM field inside the material can be calculated.
The theoretical analysis of the probe predicts the excitation of surface waves and radiative waves for the open-circuit case (when layer N + 1 is air), and radial guided waves for the short-circuit case (when layer N + 1 is a perfect conductor). The powers associated with these complex waves are computed using the Cauchy residue theorem and the saddle-point method. In addition, the conservation of the power of the probe system is verified. The excitation of these complex waves may influence the quantification of EM properties of materials under some practical situations, and the details are addressed.
Existing studies on the material measurements with a flanged open-ended coaxial probe are mostly for the determination of dielectric permittivities only. In this paper, a scheme to measure simultaneously both the complex permittivity E and permeability p of materials using this probe is proposed. Two measurements are needed at each frequency to determine two unknowns, E and p. A series of experiments was conducted to measure the input impedances of the probe, which is placed against the material layer, using an HP-8720B network analyzer. The Newton-Raphson method is then used to determine the EM parameters E and p of the material from the measured input impedances [181, [191. 
THEORY USING FULL-WAVE ANALYSIS
The geometry of the problem as shown in Fig. 1 consists of an internal region and an external region. The internal region is the interior of an open-ended coaxial line, while the external region is the layered medium. The external layered medium may be lossy, and may be open to the half-space z > 0 (opencircuit case) or shorted by a metallic plate parallel to the flange (short-circuit case).
In this paper, the time convention of ejwt is adopted. For the EM field inside the coaxial line, because of rotational symmetry, only higher order TM modes are excited when a TEM mode is incident upon the aperture. Thus the total transverse fields are [20] m 1 P E -Ao-(e-'"."
where R is the reflection coefficient of the TEM mode, Am is the unknown amplitude of the TM modes, and where Jn(x) and Yn(z) are Bessel functions, and Nm is the normalization constant.
Next, the transverse EM field in the jth layer of the medium is expressed as [21] W EP = 1 Bj(e-rj" + RbjerJJ)Jl(k,p)k, dkc H+ = lw YejBj(e-rJZ -Rbjer3')J1(kcp)k, dkc (3) where k, is the continuous eigenvalue, Ye& the TM-mode wave admittance, and Bj is the unknown amplitude, j = 1, . . , N + 1. The reflection coefficient of the jth layer is related to Rb(j+l) of the ( j + 1)th layer by the relation of (4), shown at the bottom of the page, which is derived by requiring the tangential field components to be continuous across the interface of two adjacent layers. Matching the tangential EM field across the aperture ( z = 0) leads to In addition, (5) gives the relationship between the reflection coefficient R and the aperture electric field E ( p ) :
1
The normalized input impedance is then expressed by (A0 canceled)
(9)
The same results can be obtained if the analysis is conducted by replacing the aperture electric field with an equivalent magnetic surface current flowing on a perfectly conducting ground plane [22] , [23] . To determine the EM field components for each complex wave requires a change of variable in the EFIE and the information of the aperture electric field. The saddle-point method is used to compute the radiative waves, and the surface waves and radial guided waves are obtained when a deformed complex contour and the Cauchy residue theorem are applied to extract the contribution due to the pole singularities.
III. CALCULATION OF THE EM
First, the EM field components inside the ith layer of material (i = 1 only for the short-circuit case) can be expressed where n = 0, 1 and HA2)is the Hankel function of the second kind [22] . Then the EM field components can be rewritten as
The integration of (13) can be performed on the deformed complex contours as shown in Fig. 2 (a) and (b) and with a proper choice of the branch cut. The contribution from the pole singularities leads to the magnetic field components of surface waves or radial guided waves as follows:
where kCpm is the mth pole singularity of either surface wave or radial guided wave.
The electric field components are omitted here for brevity. For the short-circuit case the number of propagating radial guided wave modes, which are derived from those poles located along the real axis, is finite, while those poles located along the imaginary axis give evanescent modes. For the opencircuit case, the finite number of excited surface waves is due to poles under the real axis in the fourth quadrant of the complex plane. In addition, the probe will excite radiative waves in the open-circuit case.
The radiative waves can be calculated by a numerical integration along the branch cut, but it is quite time consuming. For computational efficiency, the far-zone field is evaluated via the saddle-point method, and this far-zone field is then equated approximately to the radiative wave field [24] . where Fig. 3 . Substitution of (17) and (18) into (15) 
yields
Ep2(Q) = h(qqe-jk2'COS(*-@)k ~c o s Q~Q (19) I which is in an appropriate form for the saddle-point method.
To apply the saddle-point method, the integral contour C is deformed into a steep descent path (SDP). Since the procedure of the saddle-point method is relatively standard [25] , the details are omitted here for brevity, and the final result is
Ep2 = p ( k c ) k z c o~d e -j '~~e j ( " /~) . (20)
The same procedures can be applied to H+z, Ez2 and similar results can be obtained. The information for the far-zone field in region 1 is not needed, since the power radiated into region 1 can be shown to be zero.
The power associated with each complex wave can then be calculated by integrating the associated Poynting vector over the surface of a hemisphere for radiative waves, and over a cylindrical surface for surface waves and radial guided waves. The conservation of the power is then verified in Section V.
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IV. NUMENCAL SOLUTION-METHOD OF MOMENTS The EFIE, (7), derived in Section II is solved by the method of moments [26] . The coaxial eigenfunctions in (2) are chosen as the set of basis functions for the unknown aperture electric field, and Galerkin's technique is used to convert the EFIE into a set of simultaneous equations, which can then be solved by a typical numerical subroutine. Thus by substituting the following representation: S p=o into (7), and through the weighting procedures we obtain a set of S + 1 equations in S + 1 unknowns It should be noted that R o ( p ) = p-' of the TEM mode is used in (21) , the expansion of the aperture electric field. In addition, substitution of (21) in (8) and (9) yields R = V o -1
Since the matrix element Y; contains an integral over an infinite range, and the integrand converges slowly and assumes the oscillatory behavior of Bessel functions, the evaluation of such an integral may be time-consuming. It is possible, however, to accelerate the convergence by the technique of adding and subtracting an asymptotic term to the integrand [27] .
To obtain numerical results, the above linear equations (22) were solved by a computer program. The infinite range of the integral of Ygneeds to be truncated according to some preset accuracy. The number of basis functions, S + 1, was determined by the convergence of the reflection coefficient up to 4 digits after the decimal point for various sample parameters. It was found that S = 7 matches the requirement for a 14 mm coaxial air line and the frequencies concerned. To verify the correctness, the results of the reflection coefficient are compared with existing data [6] , and they are very close, as shown in Fig. 4 . For demonstrative purposes, the typical tangential electric field at the aperture is shown in Fig. 5 , which was found to be quite different from the TEM-mode field distribution when S = 1 is used.
This Theorv
Radial Distance (mm) 
v. CALCULATION OF THE COMPLEX WAVE POWER AND ITS PHYSICAL INTERPRETATION
The power associated with each complex wave is numerically calculated, and the results are shown in Fig. 6 (a) and (b). In Fig. 6(a) , the total power PT carried away from the aperture placed against an open-circuited material layer is the sum of the surface wave power and the radiative wave power. The total power is shown to be equal to the transmitted power Tt of the incident TEM wave in terms of reflection coefficient R and the power P; of the incident "EM wave as [28] Pt = (1 -IR12)Pz. ( 
25)
The power carried by the surface waves is strongly dependent on the frequency and the physical parameters of the layered material. The understanding of the power carried by the surface waves is important, since the laterally propagating surface waves may cause spurious radiation or be reflected at the edge of a finite material layer [28] . This effect is usually neglected in the analysis of a flanged open-ended coaxial probe, as is the case in our analysis. The negligence of this reflection at the edge of a finite material layer may be justified if the material is sufficiently lossy that the surface waves decay sufficiently before reaching the edge of the material layer. Also, at frequencies lower than 4 GHz for the structure concerned, the total power carried away by the surface waves and radiative waves is sufficiently small that the total EM field is localized around the probe aperture. This finding justifies the assumption of the infinite metallic flange used in the analysis and validates the quasi-static analysis as long as the probe operates at a frequency where the effects of surface and radiative waves can be neglected.
In Fig. 6 (b) the conservation of power is verified for the short-circuit case. The total power PT.s.w carried away by the radial guided waves is shown to be equal to the total transmitted power Pt through the probe aperture. The kinks in the figure were examined analytically, and they are found to be due to the excitation of new higher order radial guided modes [22] . Because of the high Q characteristic of the short-circuit structure, some resonant phenomena due to the finite edge termination of the material layer were observed in the experiment even though the power carried away by the radial guided waves was quite small. The consideration of the resonance effect in the analysis is necessary if the short-circuit case is employed to measure the EM properties of materials (except for lossy materials).
VI. EXPERIMENTAL MEASUREMENTS
The probe employed in the experiment consists of a 14 mm coaxial air line attached to a 50 cm by 50 cm square metallic flange. The air line was fabricated from 14 mm (outer conductor) and 7 mm (inner conductor) brass tubes supported by dielectric spacers. The EM properties of materials can be determined from the measured input impedance Z;, (or the reflection coefficient R) of the coaxial probe placed against the material layer. As mentioned earlier, two measurements of the input impedance are needed at each frequency of interest to determine simultaneously both the complex permittivity E and permeability p of the material. This can be achieved by using the open-circuit and the short-circuit schemes or preparing two samples of the same material with different thicknesses. Another alternative is to measure the material known material with a direct probe contact first, and then insert a thin known material layer (usually air) between the probe and the material as shown in Fig. 7 . From these two measured input impedances, the numerical solutions of E and p are sought so that the corresponding theoretical input impedances match the measured ones, that is
To solve these nonlinear equations, the Newton-Raphson method was used, and a Fortran program was written to find the solution of ( E , P ) iteratively [18] , [19] .
The reflection coefficients R, of the coaxial line were measured with an HP-8720B network analyzer [29] . It follows that the true reflection coefficient Rt at the probe aperture can be calculated from the measured reflection coefficient Rm as long as the coaxial line can be accurately calibrated [22] , [30] :
where Sij,z,j = 1 -2, are the S parameters of the twoport network between the measurement reference plane of the network analyzer and the probe aperture.
From (27) , it is clear that only three combinations of S parameters SI, 572, and S12S21 need to be determined. Three shorting stubs of lengths Z , , Zb, and 1, were fabricated to fit in the space between the inner and outer conductors of the coaxial air line as shown in Fig. 8 . For the calibration of the system, three S parameters of the coaxial line (two-port network)
were determined with the help of these three shorting stubs at many frequencies over the range of interest. After the S parameters of the coaxial line at all the frequencies of interest were stored in a computer, the coaxial line was a known network as a function of frequency, and no more calibration The structure for the calibration of the coaxial air line probe using was needed. The S parameters between the measurement reference plane and the probe aperture can be calculated from three measurements with the three shorting stubs filled in the coaxial air line as follows [22] :
where Rg and R," ( a = a, b, c) are the measured reflection coefficients at the measurement reference plane and the theoretical reflection coefficients at the probe aperture, respectively.
It was found that the calibration was quite good for the frequency above some critical frequency fc, about OSGHz in our case. Since the amplitudes of RP, a = a, b, and c, are one for all shorting stubs, the measured information is carried by the phases. Thus, for the frequency below fc, a good calibration was not easy since the wavelength is so large that these shorting stubs did not provide well-separated phases. A possible air gap between the shorting stubs and the coaxial air line might also contribute to the poor calibration at frequencies below fc. To overcome this problem, we can use two (instead of three) shorting stubs plus a measurement of the open-ended coaxial probe open to air to compute the S parameters.
To verify the technique, experiments were conducted first on the air and samples of Teflon, a nonmagnetic material known to have a dielectric constant of 2.1. The measured results of the dielectric constant for the air and the Teflon are shown in Fig. 9 with p = PO assumed. The dielectric constant of air obtained via the calibration of three shorting stubs shows poor results at frequencies below 0.5 GHz. They are due to the air gap between the shorting stubs and the coaxial line. Another reason is that, at frequencies below 0.5 GHz, a good calibration is not easy to achieve, since the wavelength is so large that the shorting stubs do not provide well-separated phases. However, the results of Teflon obtained Fig. 10 shows the results from two measurements on an acrylic sample using the structures of Fig. 7 with d = 1.27 mm. The complex E~ is reasonably good while at the low frequencies the complex p, is found to be unstable. This is due to the ill-conditioned property of this method when used to simultaneously determine E, and pr for lowpermittivity materials and the difficulty in system calibration mentioned earlier. To obtain reasonable results of the EM properties of acrylic the measured data were fitted by quadratic polynomials in a piecewise method before the iterative solutions of E, and p, were sought. Extreme precision in measuring the reflection coefficient is necessary to mitigate this ill-conditioned problem, and the needed precision was not available in our experimental setup. 1, pf S 0) is improved greatly when the materials are of high permittivity.
VII. CONCLUSION
In this paper, we present an accurate full-wave theory for the flanged open-ended coaxial probe to be used for nondestructive measurement of the EM properties of materials. If the excitation of surface waves, radiative waves and radial guided waves is properly taken into account, the EM properties of a layer material can be accurately determined over a wide band of frequencies. Over a low frequency range, in which the power associated with these complex waves is sufficiently small, a quasi-static analysis is sufficient for this structure.
A scheme is proposed to measure both the complex permittivity and permeability of the material simultaneously. The measurements show that the scheme is sufficiently accurate for most applications in the frequency range of 1 4 GHz. For the frequencies lower than 1 GHz some instability problems were encountered, especially for the low-permittivity materials. This problem may be mitigated by 1) eliminating air-gap effects, and 2) calibrating the probe system more accurately. A future study for the improvement of the scheme may be warranted.
